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Abstract: The influence of shear flow on the structure of concentrated aqueous 
poly(N-isopropylacrylamide) solutions near the lower critical solution temperature 
was investigated by means of small-angle neutron scattering. Two samples, both in 
the semi-dilute regime above the overlap concentration, were studied. The scat-
tering curve of the less concentrated sample was not influenced by shear flow, 
although high shear rates were reached. The more concentrated 4 wt.-% sample, 
however, displayed shear-induced demixing under strong shear flow conditions. 
Experiments at different shear stresses indicated the existence of a threshold 
shear stress and the phase separation process became faster with increasing 
stress. The two-dimensional scattering patterns remained isotropic even during the 
phase separation process and the correlation length as obtained from an Ornstein-
Zernike plot increased. The influence of shear flow on the phase separation 
process is thus similar to a temperature increase. The results are in excellent 
agreement with data from recent rheo-optical experiments where shear-induced 
phase separation was also observed for the concentrated solution at high shear 
rates. Apparently, strong shear flow exerts an effect analogous to a temperature 
increase. 
 
Introduction  
It is well known that shear flow can influence the phase separation of polymer 
solutions [1]. Several techniques have been employed to study the influence of shear 
on demixing of solutions of linear-chain polystyrene (PS) in dioctyl phthalate (DOP) 
including turbidity, dichroism, small-angle light scattering (SALS) and small-angle 
neutron scattering (SANS) [2-4]. With PS in DOP a so-called butterfly pattern in 
SALS and SANS which indicates shear-induced concentration fluctuations is often 
observed in semi-dilute solutions above the overlap concentration c*. Butterfly 
scattering patterns have also been observed with polymer networks and some 
colloidal systems [5-9]. In these complex fluids the viscoelastic properties, especially 
the first normal stress difference, play an important role for the coupling between 
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density fluctuations and shear stress [10]. In further experiments with dilute PS/DOP 
solutions, shear-induced aggregation was observed below c* indicating that entan-
glements may not be necessary for fluctuation enhancements [11]. 
Much less is known about aqueous polymer solutions where phase separation occurs 
upon heating. The temperature at which phase separation is first observed is known 
as the lower critical solution temperature (LCST). The most widely studied system 
displaying LCST behaviour in aqueous solution is poly(N-isopropylacrylamide) 
(PNiPAM) [12]. Temperature-sensitive PNiPAM polymers have been studied 
extensively, primarily due to their potential technological applications, including drug 
delivery systems and biotechnology [13,14]. PNiPAM undergoes a temperature-
induced phase transition at the LCST of 31 - 34°C. The phase transition has varying 
effects depending on the architecture of the polymer system, whether linear-chain 
PNiPAM, chemically cross-linked microgels or macroscopic gels are discussed 
[12-14]. For dilute solutions of linear PNiPAM, the contraction of the polymer chain is 
observed with increasing temperature and the transition from an expanded coil to a 
compact globule occurs. Cross-linked microgels and macrogels exhibit a 
temperature-induced volume phase transition from a highly swollen to a collapsed 
state.  
Only very recently, two groups reported on the influence of shear on the phase 
separation in aqueous PNiPAM solutions [15,16]. Badiger and Wolf observed shear-
induced demixing in aqueous solutions of linear PNiPAM, which was attributed to the 
destruction of intersegmental clusters formed in the stagnant state. Wolf et al. 
suggested a general thermodynamic approach, in which the total energy of a polymer 
solution consists of the usual Flory-Huggins-Gibbs energy with an added term to 
describe the stored elastic energy [17]. Other approaches describe the dynamic 
coupling between concentration fluctuations and shear stress [18-20]. In this 
approach a stress applied causes squeezing of the solvent out of the more entangled 
regions, which consequently enhances the concentration fluctuations. In addition, 
aggregation, flocculation and for example the formation of large-scale bundle 
ordering have been observed in colloidal systems under shear [21]. 
Differences in the microstructures of colloidal and polymer solutions give rise to very 
different properties near the miscibility gap. Recently, we reported on the shear-
induced phase separation of aqueous solutions of linear-chain PNiPAM and of 
suspensions of PNiPAM microgels. A shear-induced shift of the cloud curve to lower 
temperatures was observed in rheo-optical experiments for both polymer archi-
tectures [16]. 
Whereas optical techniques as, e.g., turbidity, probe concentration fluctuations on a 
rather large length scale, small-angle neutron scattering (SANS) is an important 
technique to investigate spatial heterogeneities on a length scale of few nanometers. 
The phase separation of concentrated PNiPAM solutions and gels in the quiescent 
state has been investigated by means of SANS by Shibayama et al. [22]. The 
scattering curves were fitted with an Ornstein-Zernike model and they observed that 
the correlation length diverged at the spinodal temperature. 
In this contribution we investigate the influence of shear flow on the phase separation 
of concentrated aqueous solutions of linear-chain PNiPAM by means of small-angle 
neutron scattering. Analogue experiments with PNiPAM microgel solutions will be 
reported elsewhere [23]. 
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Experimental part 
The linear-chain PNiPAM polymer was prepared based on the procedure described 
by Meewes et al. [16,24,25]. After recrystallization from a benzene-hexane solution 
the monomer N-isopropylacrylamide (NiPAM, 100.0 g, Aldrich) was dissolved in 
2000 ml of pure water at 25°C. An aqueous solution of hydrogen peroxide (H2O2, 
1 ml, 30 wt.-%, Merck) was added and the reaction mixture was degassed. The 
radical polymerization was started by opening the shutter of the UV lamp (Osram 
mercury vapour lamp Hg-10) and stopped after 35 min by closing the shutter and 
aerating the solution. The reaction mixture was poured into cold methanol (Aldrich) 
and was heated up slowly to 25°C. A fine precipitate of PNiPAM was decanted. For 
further purification the polymer was dissolved in methanol and cold water was added. 
The precipitate was decanted and another purification cycle was performed. Finally, 
the polymer was dissolved in water and isolated by freeze-drying.  
In order to determine molecular weight Mw, radius of gyration Rg and second virial 
coefficient A2, static light scattering experiments (SLS) in dilute solution were per-
formed. From the extrapolation of Kc/R(q) to zero angle and zero concentration in the 
Zimm plots, Rg and A2 were determined. The weight-average molar mass Mw = 
3.9 · 106 g/mol was obtained. The overlap concentration given by c* = 3Mw/(4πRg3NL) 
was calculated. The temperature dependence of A2, Rg and c* were given in detail 
previously [16]. At 25.8°C, which is below the LCST, Rg = 114 nm, A2 = 1.2 · 10-4 
mol·cm3/g2 and c* = 0.1 wt.-% were obtained and at 36.5°C, which is above the 
LCST, Rg = 65 nm, A2 = -1.0 · 10-6 mol·cm3/g2 and c* = 0.6 wt.-% were found. 
Small-angle neutron scattering experiments under shear (rheo-SANS) were 
performed at the instrument D11 of the Institute Laue-Langevin (ILL) in Grenoble, 
France. The neutron wavelength was λ = 6 Å with a spread of ∆λ / λ = 9%. The data 
were collected on a two-dimensional multidetector (64 x 64 elements of 1 x 1 cm2), 
and corrected for background and empty cell scattering. Sample-detector distances 
of 36.0 and 10.5 m were employed. The incoherent scattering of H2O was used for 
absolute calibration according to standard procedures and software available at the 
ILL (GRASansP V. 3.25). A Bohlin CVO-120-HR rheometer was adjusted to the D11 
beamline. Measurements were performed using a Searle shear cell of quartz 
cylinders with a gap of 1 mm. All experiments were carried out under isothermal 
conditions and the samples were allowed to equilibrate for 15 min at each temper-
ature. The evolution of the temperature during the shear experiment was monitored 
employing a calibrated Pt-100 temperature sensor, which was placed directly to the 
outer wall of the glass shear cell. The sample temperature remained constant even 
during application of high shear stresses within an accuracy of ∆T = ± 0.2 K. The 
scattering experiments were performed in the radial position yielding information in 
the plane formed by the flow and vorticity directions. Further processing of the 
isotropic two-dimensional SANS pattern was done by radially averaging to obtain a 
one-dimensional data set. All experiments were carried out at full contrast using D2O 
as the solvent. 
 
Results and discussion 
Macromolecules form a transient network of entangled chains in semi-dilute polymer 
solution, where the polymer concentration c is above the overlap concentration c*. 
The average distance between entanglement points is described by the so-called 
mesh size or correlation length ξ, which is large, compared to the size of a monomer 
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unit. For distances small compared to ξ, the polymer chain will exhibit single coil 
behaviour and possess a random or self-avoiding walk conformation. At larger 
distances, the semi-dilute solution emulates a polymer melt, since the sample space 
is densely packed with polymer segments of the blob size ξ. Consequently, for good 
solvent conditions I(q) should show a different behaviour than dilute solutions on 
length scales for ξ > 1/q. Here q = (4π/λ) sin(θ/2) denotes the magnitude of the 
scattering vector (with the scattering angle θ). The scattering intensity I(q) in the 
semi-dilute regime for ξ < 1/q is well described by the so-called Ornstein-Zernike 
equation, which is a Lorentzian function, and is given by 
22ξ1
)0()(
q
IqI +=  (1) 
where I(0) denotes the scattering intensity at q = 0. Fig. 1 shows the scattering inten-
sity distribution normalized by concentration, I(q)/c, of PNiPAM solutions at different 
concentrations at 25°C and the corresponding Ornstein-Zernike plots of the same 
data. The scattering curves nicely overlap at high scattering vectors (q > 0.005 Å-1) 
and a slope of I(q) ∝ q -1.65 is observed in the double logarithmic plot for all concen-
trations. Thus, the asymptotic scaling behaviour in the high q-regime is in good 
agreement with the predictions of the asymptotic q-dependence for a polymer in good 
solvent conditions according to the self-avoiding walk model, which predicts I(q) ∝ 
q -1.66. An increase of the scattering intensity in the low q-regime (q < 0.01 Å-1) is 
observed for the samples with concentrations of 0.50 and 4.60 wt.-%. At concen-
trations above the overlap concentration (c* = 0.1 wt.-% determined by SLS, see 
experimental details) additional long-range inhomogeneities are often observed 
giving rise to an increase of the scattering intensity. Correlation lengths ξ of 1.8 ± 0.1 
and 1.3 ± 0.1 nm were obtained from Ornstein-Zernike fits for the 0.50 and 4.60 wt.-% 
samples, respectively, which agrees nicely with the data reported by Shibayama et 
al. [22]. The Ornstein-Zernike fits were performed in the high q-regime (q2 = 0.005 - 
0.035 Å-2). Thus the excess scattering in the low q-regime (q2 < 0.005 Å-2), which is 
caused by the long-range inhomogeneities, is not taken into account. 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Left: Scattering intensity distributions normalized by concentration, I(q)/c, of 
PNiPAM solutions at 25°C and different concentrations. Right: Ornstein-Zernike plot 
of the same SANS data 
 
Fig. 2 displays results from a 1.1 wt.-% solution under different flow conditions at a 
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quiescent state. The top left part illustrates the shear protocol: the sample was 
sheared at different applied shear stresses and the evolution of shear rate and 
viscosity was recorded. At the lowest shear stress, the sample did not reach 
stationary shear flow, but at higher stresses the steady state was reached quickly. 
Shear thinning was found which is typical of concentrated polymer solutions and 
indicates that the shear rates were already above the characteristic relaxation time of 
the sample.  
The other two plots in Fig. 2 display SANS data: first the angular-dependent scat-
tering intensity is shown in a double logarithmic plot vs. q (top right). The bottom part 
shows an Ornstein-Zernike plot of the same data. The scattering intensity is well 
described by the Ornstein-Zernike equation (1) and it is apparent that shear flow has 
only little influence on the scattering intensity at this temperature. An average corre-
lation length of ξ = 10.4 ± 0.8 nm was obtained. At this concentration the previously 
discussed rheo-turbidity measurements revealed no influence of shear flow on the 
phase separation as well [16]. 
 
 
 
 
.  /
 s
 e
 γ
 he
ar
 ra
t
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Rheological and rheo-SANS data from a PNiPAM solution at 1.1 wt.-% and 
32.3°C. The experiment was performed under controlled stress conditions. Top left: 
viscosity and shear rate; top right: SANS data; bottom: Ornstein-Zernike plot of SANS 
data 
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with the Ornstein-Zernike model except for the last data sets. The results are summa-
rized in Tab. 1. Both, correlation length ξ and the forward scattering intensity I(q→0) 
strongly increased after application of high stress (180 Pa). Obviously, phase sepa-
ration was induced by shear flow. It should be noted that the sample temperature 
(T = 32.3°C) was c. 1 K below the LCST and remained unchanged during the shear 
experiment within an accuracy of ∆T = ± 0.2 K. These results agree nicely with rheo-
optical data where shear-induced demixing was observed when the sample was 
subjected to strong shear flow. The scattering patterns we observed at high shear 
stress resemble those obtained by Shibayama et al. when the phase separation was 
induced by rising temperature [22]. 
As already mentioned above, the two-dimensional scattering patterns remained 
isotropic even at the highest applied stress. This indicates that the shear-induced 
demixing process is isotropic on a short, local length scale. Similar behaviour was 
observed with concentrated suspensions of PNiPAM microgels. Shear-induced 
demixing was also found and the scattering intensity at high q where the particle form 
factor is probed remained isotropic as well [23]. 
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Fig. 3. Rheological and rheo-SANS data from a PNiPAM solution at 4.0 wt.-% and 
32.3°C. The experiment was performed under controlled stress conditions. Top left: 
viscosity and shear rate; top right: SANS data; bottom: Ornstein-Zernike plot of SANS 
data 
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SANS intensity was recorded. Finally the shear stress was reduced back to 80 Pa. 
Apparently a shear stress of 165 Pa is also sufficient in order to induce phase 
separation. The phase separation process itself is fully reversible, when the stress is 
reduced to 80 Pa, the scattering curve relaxed back to its initial intensity. However, 
the shear-induced demixing process is slower at a shear stress of 165 Pa as com-
pared to the experiment at 180 Pa. The kinetics of the demixing process for both 
shear stresses is compared in Fig. 5. 
 
Tab. 1. Results from the Ornstein-Zernike fitting procedure of a PNiPAM solution at 
4.0 wt.-% and 32.3°C (see Fig. 3). The errors were estimated to 10% 
Time according to shear 
protocol in min 
Shear stress and 
application time 
I(q→0) / cm-1 ξ / nm 
0 0 Pa 15.7 ± 1.6 6.4 ± 0.6 
30 10 Pa for 70 min 17.5 ± 1.8 6.7 ± 0.7 
120 50 Pa for 75 min 18.4 ± 1.8 6.9 ± 0.7 
180 110 Pa for 70 min 18.7 ± 1.9 7.0 ± 0.7 
217 180 Pa  for  2 min 26.2 ± 2.6 8.4 ± 0.8 
218 180 Pa  for  3 min 145.8 ± 14.6 21.1 ± 2.1 
 
 
 
 
 
 
 
 
 
 
Fig. 4. PNiPAM solution at 4.0 wt.-% at 32.3°C under shear. Similar to Fig. 3, but at 
different shear stresses 
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shear-induced demixing in rheo-turbidity experiments. When the sample was heated 
at low shear rates they observed a viscosity increase just before the demixing tem-
perature was reached and concluded that a physical network is formed. They inter-
preted the shear-induced phase separation in terms of a disruption of such favour-
able clusters. Similar rheological behaviour was observed in our case, see Fig. 6. 
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Fig. 5. Time-resolved relative SANS intensity I(t)/I(t = 0) determined at q = 0.0021 Å-1 
from a PNiPAM solution at 4.0 wt.-% at T = 32.3°C (see Figs. 3 and 4). The appli-
cation of the shear stresses (165 and 180 Pa) started at t = 0 min 
 
28 29 30 31 32 33 34 35
0.1
1
10
1000 s-1
100 s-1
1 s-1
vi
sc
os
ity
 η 
/ P
as
temperature T / °C  
Fig. 6. Viscosity vs. temperature at different shear rates for a PNiPAM solution at 
4.0 wt.-% 
 
A formation of clusters has also been discussed in more complex polymer solutions 
as, e.g., in hydrophobically modified ethylhydroxyethylcellulose [26] or methyl-
hydroxypropylcellulose [27]. In these cases an aggregation process via specific 
groups that are inhomogeneously distributed along the macromolecule is easily 
conceivable. In the present case of the PNiPAM homopolymer, all repeating units are 
chemically identical, which renders a cluster formation less imaginable. However, as 
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already mentioned above, specific interactions along the chain are considered to be 
responsible for the behaviour of PNiPAM in aqueous solution. Taking into account 
that semi-dilute polymer solutions reveal long-range heterogeneities (as, e.g., 
observed in scattering experiments, Fig. 1) a reversible network formation can be a 
good model to explain the viscosity increase near the demixing temperature as well 
as the observed shear enhanced phase separation. One could speculate that the 
strong shear flow induces a change of the polymer backbone conformation, which 
enhances phase separation. A stretching of the macromolecules should lead to an 
anisotropic structure which, however, was not found in the SANS experiments.  
 
Conclusions 
The influence of shear flow on the structure of concentrated aqueous PNiPAM 
solutions is investigated by means of small-angle neutron scattering. The high q 
region of the scattering patterns at rest can be described by an Ornstein-Zernike 
approach and the correlation length decreases with concentration and increases with 
temperature in agreement with results by Shibayama et al.  
The influence of shear flow on the solution structure close to the LCST is investigated 
for two samples, both at concentrations above the overlap concentration. The scat-
tering curve of the less concentrated sample is not influenced by shear flow, although 
high shear rates are reached. The more concentrated 4 wt.-% sample, however, 
displays shear-induced demixing under strong shear flow conditions. Experiments at 
different shear stresses indicate the existence of a threshold shear stress and the 
phase separation process becomes faster with increasing stress.  
The two-dimensional scattering patterns remain isotropic even during the phase 
separation process and the correlation length as obtained from an Ornstein-Zernike 
plot increases. The influence of shear flow on the phase separation process is thus 
similar to a temperature increase. The results are in excellent agreement with data 
from rheo-optical experiments where shear-induced phase separation was also 
observed for a concentrated solution at high shear rates. Apparently strong shear 
flow has an analogous effect as a temperature increase. Since the LCST of aqueous 
PNiPAM solutions is in an experimentally convenient temperature range, this system 
is ideal to investigate the kinetics of shear-induced phase separation. Such experi-
ments are in progress and will be reported later. 
Finally, we wish to note that shear-induced demixing is also observed with PNiPAM 
microgels, provided the cross-linking density is not too high. Rheo-SANS experi-
ments showed that the particle collapse is isotropic, the aggregation however is 
anisotropic. Comparison of the properties of linear chains and internally cross-linked 
microgels indicates that a partial interpenetration of the macromolecules is necessary 
in order to induce phase separation by shear flow. The data suggest that both ent-
anglements and specific interactions are responsible for the behaviour of aqueous 
PNiPAM solutions under shear. 
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